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Abstract completely planarized surfacesd upper wiring levels agower
distribution planes. ThBITRS also addressésends toward higher
Failure analysis is a critical element in the integrated circuit density packaging technologies includiemaller package profiles
manufacturing industry. This paper explotes challengesor IC and MCMs (multichip modules). MCNechnology mtroduces a
failure analysis in the environment of present and future silicon IC Nost of challenges for FAput we will addressonly flip chip
technology trends, usirthe 1994 Nationalechnology Roadmap for ~ technology in this paper.
Semiconductors as a technologyide. Several advanced failure

analysis techniques that meet the challerggosed by the current ~ Characteristic 1995 2001
state-of-the-art in integrated circuigchnologyare described and ~ Wafer size 200mm 300mm
their applications are discussedNew paradigmswill be required die size (DRAM) 250mnt 360mnt
for failure analysis to keep pace with the futadvancements in  feature size 0.35mm 0.18mm
integrated circuit technology. wiring levels 4-5 5-6
bits/chip (DRAM) 64M 1G
clock frequency 150mhz 300MHz
operating voltage 3.3V 1.8V
FAILURE ANALYSIS IS A CRITICAL ELEMENT during all chip 1/0s 900 2000

phases of the integrated circlC) product cycle. The goal of .

failure analysis (FA) is to determirte root cause of a failure or Table 1. Selected technology characteristics from the NTRS (1).
parameter excursion gbat corrective action can beken. In the ) ) . ) )

broadest sense, FA includes support of fabrication tool development, !N this paper we reviewlevelopments in failure analysisols
processing developmentechnology development, manufacturing, ~ 2nd techniques that help meet the challenges presentaetesof-
testing, and field return analysis I&fs. A broad definition of FA  the-art IC andpackaging technologies. Examples include advanced
includes physical materials analysiswasll as electrically oriented ~ S¢&nning electron beam, scanning photon beam, scanning probe,

defect localization. FA is performed on unpattertest wafers, light emission, and thermal imaging techniques. Such techniques
short loop monitor waferstest circuits oncompletely processed ~May enable analysis of circuits wheréyr example, additional
wafers, IC die, andpackaged ICs. Because dfe level of interconnection levels, power distribution planes, or fthip
complexity of current IC technologiesest structures areften packaging completelyeliminate the possibility ofemploying

substitutedfor ICs during development to facilitate yield analysis. Standard optical onoltage contrast failure analysis techniques

In this case, the surrogatest structures mustependably predict ~ Without destructive deprocessing.
effects that will be manifested in the IC. New paradigms fofailure analysis will be needed to meet the

As IC technologyadvances, FAechnologymust keep pace if it challenges posed by the billion .transi.sll@s that are ant.icipated by
is to providethe needed level of support. A cleaadmap of where ~ the NTRS. These new paradigms include mleévorking of FA
IC technology isheaded is a prerequisifer guiding the research ~ @pparatus, théncorporation of design for FAhe development of
and development activities needed to provitee matching software technlques for defect localizatiand root cause analysis
advancements in FA technologyThe 1994 Nationalfechnology using only electrical test data, and tlemployment of knowledge-
Roadmap for Semiconductors (NTRSL), published by the  Pased systems. o o .
Semiconductor Industry Association, provides a 15 year projection of ~ 1hefocus ofthis paper is primarily odefect localization using
technologytrendsfor leading edge ICs.Table 1 shows selected ~t€Chniques based on advanced imaging andheninteraction of
technologycharacteristicgrom the 1994NTRS for the years 1995 various probes with the electrichéhavior of devices and dgfects.
and 2001. A siyear projection is a reasonable point of comparison 1h€ challenges thatechnology advancemergioses fordetailed
and provides an appropriately advandeghnology target as a materllals character!zatlon using physmal, chemical, ar)d optical
driving force for the development of advanced FA techniques. Other techniques araot discussed here sindeey havebeen reviewed
relevant technology characteristics are the increasing use of thoroughly elsewhere (2, Diebold 1994).
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Imaging Techniques

Optical Microscopy. Optical microscopytechniques are able
to locatemany physicatlefects and have been a mainstay in FA for
years. However, smaller feature sizese pushing optical
microscopytowardsits resolution limit, around 0.2 - 0.3 mmsing
visible light. Othertechnologytrends thathave a large impact on
optical microscopyinclude additional interconnection levefgwer
distribution planes, and flip chip packagin@bviously, an optical
image fromthe top of an IC revealfew features deep in the
structure if there aremany interconnection levels angbower
distribution planes which obscure a large percentag¢hefIC
surface. Scanning opticahicroscopy (SOM) provides improved

microscopy orSEM (21). Scanning near-field opticahicroscopy
(SNOM) combines optical and scanning probe technologies and can
image surfaces on a scale watlyondthe classicadliffraction limit
(Betzig & Trautman).

Focused lon Beam. The capabilities offocused ion beam
(FIB) systemsare rapidly becomingcritical for FA of submicron
technology ICs. FlBsystems use focused beam of Gaions for
imaging, milling, etching, and deposition of metals and dielectrics
(27,28). No other tools provide these capabilities with sufficient
spatial control to effectively support technologiegith 0.18mm
feature sizes.

FIB systemion milling and imaging enables in-sitoross
sections, an effective approach for analyzthg root cause of a
failure. Sequential cross sections can be made through a feature of

image resolution and contrast compared to conventional opticaliNterest. Upper layers of an I@ay bemilled away to expose
microscopy. The use of IR lasers extends the usefulness of the SOMINerlying layers for mechanical or electrical analysis, and

by permitting observation throughe wafer. Images ofthe active
regions of an IC can be obtained using reflectechi€oscopy from
the back ofthe die with a resolution of resolution about 0.6 mm.

conductors may be cut to isolate interconnections and devices.
FIB systems also can be used to precisely deposit conductors
and dielectrics, enabling local modifications in the electrical

This circumvents problems caused by additional interconnection interconnections of the IC and the deposition of additional contact

levels, power distribution planes, and flip chip packaging.

Scanning Electron Microscopy. As IC feature sizes decrease
and defects of smaller sizbecome more important, imaging
techniques with higher resolution than optiqaicroscopy are
required. Forthe 0.18 mm featuréechnology in yea2001, the
maximum allowable particle defect size is 60nm. S#tondary
electron (SE) imaging in a field emission scanning electron

microscope (FESEM) generates a high resolution (2-5 nm dependingmuch silicon circuitry to analyze.

on beam energy), large depth of field imalyat depicts theurface
topography of an IC. FESEMs haegcellent spatial resolution at

areas that can be used to probe circuit functions and measure
voltages on functioning ICs (30).

Techniques Based on Electrical Stimulation

Larger ICdie sizes and higher integration leveis/e made FA
impossible using purely physical techniques. There is simply too
Even ftest circuits andshort
loop monitors, it is not cost effective to applyly physicalanalysis
techniques. Powerful FA techniques basedttmn application of

low beam energies, allowing nondestructive imaging of in-process internal ICprobing using electron beam, optical beam, and scanning

wafers and high resolution imaging of insulating layers without
charging problems. The changesgcondary electron emissiarith

probe techniques combinedth electrical stimulation at the IC pins
have enabled dramatic improvements in rapid defect localization. In

material is also pronounced at low beam energies, so different layersnany cases the level of integration of the IC is not an important

in a cross-section can be identified in a FESEM without using
special wet or dry etches to produce topology differences.

Although SE imaging inthe FESEM will nothave difficulty
resolving featureghe size of future lateral IC dimensions, the
increasing use of planarization techniques negatesffeetiveness
of SEM imaging. Unless deprocessing approaaresemployed,
SEM images of planarized surfaces vgtovide little information.

The vertical dimensions which must be imaged in cross-sections

have already decreased to né#a FESEM resolution limits, and
defects thattan cause failure in these filnmay besmalleryet.
Detailedroot cause analysimay require the use of a transmission
electron microscop€TEM), which provides resolutiodown to the
atomic scale..

Scanning Probe Microscopy. Scanning probemicroscopy
(SPM) is a rapidlygrowing field that is justbeginning to have an
impact in the FA ofICs. Samplesare imaged in an SPM by
scanning a sharp probig in close proximity tothe samplesurface
and detecting the interactions between the and the sample.
Scanning probe instruments provide an entirely new capability for
topographical imaging of submicron structures, extendipgtial
resolution well beyond the limits of optical tools. Scanning
tunneling microscopy (STM) provides topographic imaging of
conductive surfaces with resolution to #itemic level Atomic force
microscopy(AFM) provides a topographical map of conducting or
insulating surfaces with resolution also to th@mic level(20).

AFM has recently been used to image IC cross-sections with

nanometer resolution, better than that obtainable wiptical

factor in quickly isolating the defect.

Technology trends thathave a significant impact on FA
techniques using electrical stimulation are higtleck frequencies,
lower operating voltages, and increadéd pin counts. These
trends dictate the use of highperformancetest equipment and
enhancement of the electrigaterconnection betweehe tester and
the FA apparatus.

Light Emission. Light emission (LE) analysis is often the
primary tool for localizing many types @ommon ICdefects on
large die with small feature sizes and high integration levels. LE is
effective in identifying gate oxide shorts, degraded pn junctions, and
MOS transistors in saturation due to interconnection shortsgem
circuit defects (12). LBperformed using extensitestvector sets
enables rapid localization @l light emitting defects on an IC at
low magnification, independent of feature size, and subsedigint
magnification examinationlinks the emission sites to circuit
features. Because the emittpdotons have energies in both the
visible and near IR wavelengths, the light emissian be observed
from the backside of the diesircumventing optical obscuration
caused by additional interconnection levels, power distribution
planes, and flip chip packaging. Figurstibwsa low magnification
light emissionimage of a 1.25 mm feature sit@p level metal, 32-
bit microprocessowith four gate oxide shorts (highlighted by the
four white boxes).(Get a better example with smaller feature size-
Intel FA work)
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FIGURE 1. Low magnification light emissiomicroscopy image
showing four gate oxide shorts (briginteas in thdour boxes) in a
32-bit microprocessor.

Voltage Contrast. Electron beam voltage contrast (VC)

FIGURE 2. Low magnificationCIVA image of an open conductor
network (bright white) superimposed on a SEM image of a gate
array IC.

CIVA may be performed nondestructively on fully processed

techniques, also known as electron beam testing, have an importankCs using low electron beam energies. This technique is called low
role in FA since they provide nondestructive methods for observing energyCIVA (LECIVA) (19). Figure 3shows a low magnification

internal IC operation and the electriedfects of defects Advanced
electron beantest systems provide integration @AD databases
and permitcomparison of contradnd failing devices througimage
processing. Software tookre available that reduce the time to
locate andanalyze logicafaults through an automated backtracing
approach(16). Evolutionary improvements in electron bedsst
equipment will continue,providing better voltage, timing, and
spatial resolution as well amore powerful software control.
However,there are fundamental limitatiomaposed by advances in
IC technologythat must be addressed in order VC to remain
useful.

The most obvious challenge is simply dealingith the

complexities introduced by larger die sizes, smaller feature sizes,

and higher integration levelsAdvances in software for navigation,
test point selection, and dat@nalysis will be needed. The
decreasing feature sizes also result nmore interferencefrom
adjacent conductors inhe VC measurements. Highelock
frequencies and lower operating voltagesill necessitate

LECIVA image ofthe conductor network connected to an open level
two to levelthree via on a 0.8 mm feature size, three-level-metal
Intel 486 microprocessor. Application bECIVA is subject to the
same limitations thaapply in VC, since lower conducttevels may

be analyzed only if they are not covered by other metal layers.

FIGURE 3. Low magnification LECIVA image of conductors
connected to an open via (brigatea in box) superimposed on a
SEM image of an Intel 486 microprocessor.

LIVA uses a SOM toquickly localize either defective pn
junctions or biased junctions that aetectrically connected to
defects such as open circufis8). LIVA can also identifythe logic
states of transistors witlmuch greater sensitivithan other optical
techniques.LIVA analysis is performed fromie front of an IC die
using a visible laser drom the back ofthe die using an infrared

development of faster electron beam gating and more sensitive SHaser. Figure 4(a3hows a backside IR SOM image of l&Q port

energy spectrometerd?erhaps thenost difficult challenge is posed

region of a 1.25 mm feature sizgyo level metal microcontroller,

by the increasing number of interconnection levels and the use of theand Figure 4(bshowsthe backsideLIVA logic stateimage when

upper metallization level or levels as power planes. The shieldingthe port is in the'l" state.

effect ofthese wiring levels will render VC analysigeffective on
fully processed ICsvithout deprocessing. Solutionsttas problem
include designed-in internést points on théeopmost metallization
layer andthe use of &IB system toopen vias to lower levels or

The dark contrast areas indicate p-
channel transistors that afeff'. The “fuzzyness” ofthe image
resultsfrom the diffusion length ofthe optically generated electrons
and holes. Notehat the transistors in thienage are completely
covered by level twanetal, so no front sidenaging or logicstate

create probe pads at the point of interest. It appears that a design fanalysis is possible.

FA philosophywill be necessary in order to maintatime utility of
VC for analyzing the circuits of the future.

Charge-Induced Voltage Alteration and Light-Induced
Voltage Alteration. Charge-Induced Voltage AlteratiofCIVA)
(17) and Light-Induced Voltage Alteration(LIVA) (18) are
techniques which provide a fast, simple metliodlocating open
conductor, contact, viand junction defects. Open circuit failures
traditionally have been very difficult to localize in compl&s since
the failure signature is nadbvious. CIVA and LIVA simplify
localization of these defects on amtire IC in a single, low
magnification image, independent of feature size, ithability to
zoom in ancorrelate the defecsite to circuit features. Both
techniquesemploy the same electricadpproachbut use different
probes:CIVA employs an electron beawhile LIVA uses gohoton
beam.

CIVA analysis circumventanany of the challenges of IC
technologyadvancementCIVA may beperformed through multiple

FIGURE 4(a).
microcontroller.

Backside IR SOM image of alO port on a

FIGURE 4(b). BacksideLIVA logic stateimage ofthe I/O port
shown in Figure 4(a).

Scanning Probe Techniques. In addition to imaging, SPM
techniques have been used to measure inteaftalges and currents
on ICs. Charge forcmicroscopy(CFM) can perform potentiometry
within ICs with sub-millivolt sensitivity, and has also been applied
to develop an AFM-based voltage contrast technique for measuring
voltage waveforms up to 20 GH22). Magnetidforce microscopy
(MFM) uses a magnetizetip to detectmagnetic field gradients.
MFM current contrasimaging can analyzaternal IC currents with

layers of dielectrics and metals by increasing the electron energy, buta sensitivity of ~ 1 mA dc and ~1 mA ac (23). Tdwnbination of

care must be exercised to avoid irradiation damagieettC. Figure

2 shows an example of low magnificati@VA imaging of a 1 mm
feature size, passivated, two-level metal gate array witlopm
metal conductor. TheCIVA image (bright whitelines) of the
conductor networkthat is open circuited is superimposed on a
secondary electron image.

CFM and MFM in a single instrumemhay enable simultaneous
measurement of internal I®@oltages and currents. CFMill
experience technological limitatiorsmilar to those discussed for
VC analysis, while MFM will suffer lower spatial resolution due to
the long range of magnetic forces. Howev®iFM should be
capable of detecting currents on conductors locheteath other
conductors forthe same reason.Figure 5(a) shows aroptical
micrograph of two metal interconnections on a test structure; the
white box indicates the area scanned for the MFM/CCI image shown
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in Figure 5(b). A 10 mA ac square wave is appliedtt® right Parametric testing techniqus CMOS IC diagnosisire becoming
interconnection ands phase is shiftetialfway throughthe top-to- more ubiquitous. In addition to increased defect and tawkrage,
bottom scan. The contrast in Figus¢b), which indicates the Ibpg testing enables rapid identification apldysical localization of
magnetic forceapplied to the MFM tip, reverseshen the phase many design, layout, and fabrication problerf@y. Software tools
shift occurs. The left interconnection is not electrically driven and have been writterthat relatelppg test vectors to logicfault and

its topography is imaged due to Van der Waals forces. physical defect localization (5,6).
Design for FA and Defect Diagnosis. As IC complexity
eliminate?? evolved, it reachethe point where ibecame imperative for circuit
designers to consider testability earlytire product concept stages.
FIGURE 5(a). Optical micrograph of two interconnections otest This occurred because of the high cost of inadequately testing the IC,
structure; the white box is the area scanned for MFM/CCI. including the risk of missing critical time to market deadlines and

ultimately failure to manufacture the product. It viasnd that the
testcost could be reduceshly by bringing together the design and
test activities. Design fortestability isnow anestablished practice,
FIGURE 5(b). MFM/CCI image ofthe two conductors in Figure a successful example of concurrent engineering.  Continued
5(a) showing contrast from a 10 mA square wave curretfieimght advances in complexitgnd reduction in the I@anufacturingcycle
conductor. time now make design for FA an equaltyitical process. Work
teams that include design, test, and FA personnel mugirived
early to assuréhat IC defectzan be successfully diagnosed quickly
Focused lon Beam Techniqueslf electrical feedthroughs are  and efficiently. Approaches to designing for FAest pattern

provided inthe FIB chamber, electrical measurementay beused generation or selection approaches based on more realistic models
for in-situ monitoring of IC modification andsoltage contrast provide the capability to magrom failing test vectors to physical
imaging may be employed for FA (Campbell and Soden). structures based on netlist and layout information.

Thermal Imaging. Thermal imaging techniquese helpful in Benefitsfrom incorporating design for FAccur immediately,
defect localization when theare noobviousdetectablesymptoms resulting in the ability to detect design problems during simulation
such as light emission @€IVA/LIVA signals. Thermalmaging and test pattern generation, analysis of first production wafer lots, as

techniques rely on detecting a defect on an operating IC through awell as throughouthe product life cycle. Designing for FAadds
local temperature increase caused by increased power dissipationvalue to themanufacturing process in a variety of ways. A
These techniques argenerally unaffected by feature size, fundamental purpose is to enable real time diagnaisisng
integration level, number of interconnection levels, and production testing of wafers. The ability to rank order the
planarization. However, thermatonductivity may cause a occurrence of "killer" defects, by tymed location, with minimal or
somewhat diffuse "hot spot" anthe spatial resolution of the no impact on production throughput is a vimlitcome. This
imaging system may not be the limiting factor in defect localization. provides theinformation needed to immediately evaluate and
Liquid crystal techniquesre commonly used for "hot spot" implement corrective action in IC fabrication. Closthgloop with
detection. The spatial resolution and temperature resolution of thisthis critical information is the bestapproach for product yield
technique are relativelgoor, andthere is no temperatumapping enhancement thaannot be achieved with in-linest structures and
capability. Infrared thermography provides a temperature map of themonitors.
IC surface withgoodtemperature resolution. Howevéhe spatial Approaches to designing for FA involve diagnostic software and
resolution is relatively poor. Fluorescent microthermographic IC design concepts. Softwaissues includemoving away from
imaging (FMI) uses the temperature dependehiorescence models, such as the stuck-at fatitat are abstract representations
qguantum yield of a rare earth chelate to provide a direct, quantitativewith no relationship to thephysical layout to defect models or
measurement of surface temperature (26). This technique haslasses that inherently link to the circuit architecture (8). Test
excellent spatial and temperature resolution, and research topattern generation or selection approaches basedooe realistic

improve the technique is ongoing (Tangyunyong and Barton). models providethe capability to magrom failing test vectors to
physical structures, based onetlist and layout information.
New Paradigms Merging defect classes with improved algorithnfier fault

dictionaries created during simulation is necessary for diag(®sis
IC design for FA concepts include extension of techniqtned
improve controllability and observability, such as partitioning and

in Failure Analysis

Failure Analysis UsingOnly Electrical Test Data. Leaving on-chip self test circuitry.
the traditionalapproach of performing FA behind and embracing the Networking of Failure Analysis Equipment. Larger die
concept of performing automatic analysis of defects usirly the higher integration levels;ompletely planarized surfaces, additional

electrical test data available at t©s of the IC is indeed a  jyterconnection levels, and power distribution plaret create
paradigm shift. The NTRS identifi¢ke needor improvements in navigation difficulties while performingFA. CAD navigation

defect modeling, automatic test vector generation, utilizatidppaf software is typically provided on electron beam probe systems and
boundary scamnd full scan techniques, and incorporation of built- 50 pe installed orfocused ion beam systemand other FA
in-self-test in order to achieve it. equipment. This software linkayout and schematic information

~ Recently, a new defect class model has been develtyaed  fom the CAD database with images and internal probe daia
mhergntly links to the circuit architecture ambves away from thg the FA tools. Linkage assists in positioning probes at the point of
classic stuck-at fault modéthat postulates abstract representations jnterest and correlating the defesite to itsphysical and electrical

of defects (ITC94). This model also provides guidance for |ocation. However, full integration throughotite FA laboratory is
maximum defect coveragevith a minimum of test vectors.
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uncommon. Further utilization of theCAD database, such as
providing cross-sectional diagrams afiy point on thelC, will
greatly assist the failure analyst. Ultimatelyetworking ofall the
FA tools in the laboratory and linking withthe design and test
databases will be required for effective FA.

Failure Analysis Information Systems. FA is a
multidisciplinary activity.  The effective failure analyst must
understand circuit design, IC architecture, semicondudivice
physics, IC processing, and IC testing. This brestdof skills takes
years to acquire, perhaps through rotational assignments in different
departments of @ompany,while constant advances bechnology 2
further complicatethe process. Analyst training is usually
accomplished orthe job andthrough conference attendance, since
few universities provide applicable laboratory experience. There areg
several short courses and semin#rat provide useful general
information, but the depth of coverage may be insufficient to provide ,
immediate help back ahe workplace. FAooks also have broad
applicability, but rapidly become dated as technology advances.

A new paradigm fortraining failure analysts is the use of
failure analysis databases, hypertext help systems, and expert’
systems. These software products also add value by preserving the
knowledge of experienced failure analysts, which is usually lost
through retirement or job change. A large “smart database” has
been described that uses all afanpany’s FA records to provide a
prediction of the failurenechanism and a proposed FA course of
action(31). Interactive FA expert systems have been implemented -
to help train inexperienced analysts as well as guide and assist
experienced analysts while performing analy$82,33). One

1.

limitation is the time aneffort mecessary ttest anddebug these 8.
systems. Because tifis limitation researcherdsave begun tdook
at otherways todeliver FA information. The World Wide Web (a
graphical, hypertext view ofhe Internet) isone option under 9.
developmentthat will provide up-to-date, comprehensive multi-
media information and training to analysts at their work locations.

As computer technologyontinues to evolveand network 10.
bandwidth increases, multimedia training wilecome more 1

prevalent. Failure analysts will be able to receive audio instructions
for FA procedures. Faexample, the analystan havehe computer
audibly dictate instructions dmow to perform avet chemical etch.
The analyst will nohave to type on a keyboard ad acomputer
screen while the etch is being performed. Failure analystsiall
watch conputerized video clipsat describesuch procedures as how

to delid an integrated circuit, ®ow to bring upthe electrorbeam

on a new scanning electron microscope.

12.

13.

Conclusions

FA in today's IGndustry is squeezed between the nisedery 14
rapid analysis to support manufacturing arnlde exploding
complexity of IC technology. Aumber of advanced techniques and
tools have been developed which have enabled FA to keep pace witrl5
technology. Howeverthe technology roadmap fahe futureposes '
such large challengebat new paradigmfor FA must be realized
Continued support for research on new FA technologied for
innovative new approaches to FA is a critical requirenienthe

future. 16.
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